+ cytotoxic T cells is considered one of the important correlates for the protective efficacy of candidate human immunodeficiency virus type 1 (HIV-1) vaccines. To induce CD8 + cytotoxic T lymphocytes (CTLs) along with neutralizing antibody and CD4 + T cell help, a live canarypox virus construct expressing gp120, transmembrane gp41, the gag and protease genes, and sequences containing CTL epitopes in nef and pol was given simultaneously with, or followed by, rgp120 SF2. CD8 + CTLs were detected in 61% of volunteers at some time during the trial. Three to 6 months after the last immunization, the gene-specific responses were gag, 26/81; env, 17/77; nef, 12/77; and pol, 3/16. Simultaneous immunization with the canarypox vector and the subunit, beginning with the initial immunization, resulted in earlier antibody responses. In summary, a strategy of immunization with a canarypox vector expressing multiple genes of HIV-1 given with gp120 results in durable CD8 + CTL responses to a broad range of epitopes.
Induction of CD8 + cytotoxic T cells is considered one of the important correlates for the protective efficacy of candidate human immunodeficiency virus type 1 (HIV-1) vaccines. To induce CD8
+ cytotoxic T lymphocytes (CTLs) along with neutralizing antibody and CD4 + T cell help, a live canarypox virus construct expressing gp120, transmembrane gp41, the gag and protease genes, and sequences containing CTL epitopes in nef and pol was given simultaneously with, or followed by, rgp120 SF2. CD8 + CTLs were detected in 61% of volunteers at some time during the trial. Three to 6 months after the last immunization, the gene-specific responses were gag, 26/81; env, 17/77; nef, 12/77; and pol, 3/16. Simultaneous immunization with the canarypox vector and the subunit, beginning with the initial immunization, resulted in earlier antibody responses. In summary, a strategy of immunization with a canarypox vector expressing multiple genes of HIV-1 given with gp120 results in durable CD8
+ CTL responses to a broad range of epitopes.
The development of an effective prophylactic vaccine for human immunodeficiency virus type 1 (HIV-1) is hindered by the lack of a known immunologic correlate of protection. However, until an efficacy trial is undertaken, those evaluating candidate vaccines must rely on criteria chosen from other clinical settings, such as the immunologic responses found in HIV-1-infected Received long-term nonprogressors and in HIV-1-exposed but uninfected children and adults, and primate vaccine studies. It is widely believed that two of the more important responses for preventing or controlling HIV-1 infection are a vigorous CD8 ϩ cytotoxic T cell lymphocyte (CTL) response (CD8 ϩ CTL) and the development of antibody that would neutralize primary, transmitted viruses [1, 2] .
Previously, live vector recombinants have successfully induced CD8
ϩ CTL in a number of HIV-1 vaccine trials [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . A critical factor may be the degree and breadth of CTLs induced by these vector-based vaccine candidates. Each volunteer is able to respond to a finite number of MHC class I-restricted epitopes presented by a vaccine, and evidence of either mutational escape or variant peptide antagonism is well documented in HIV-1-infected individuals [13] [14] [15] [16] [17] . This limited recognition can potentially be overcome by increasing the number of CTL epitopes in the immunogen, either by including the target genes of more HIV-1 strains or by including genes for several molecular components of HIV-1.
The poxvirus vector constructs that have induced CTLs in humans have not effectively elicited high-titer neutralizing antibodies [3, 11, 18] . However, the use of an envelope protein immunization after the live vector recombinant has resulted in Downloaded from https://academic.oup.com/jid/article-abstract/180/2/290/874965 by guest on 09 March 2019 higher levels of binding and homologous isolate neutralizing antibodies, antibody-dependent cytotoxicity, and T cell help as measured by lymphoproliferation [3, 11, 19, 20] . In addition, murine models have revealed that CD4 help, although not required for CD8 ϩ CTL generation, is needed for persistence of CD8 memory [21] [22] [23] [24] [25] . On the other hand, there has been concern that attempts to elicit antibody and CTLs simultaneously may result in down-regulation of the antibody or CTL response [26] [27] [28] .
To address some of these questions, a Phase I vaccine trial was undertaken in which an ALVAC (canarypox virus) vector (vCP300) encoding multiple genes (MN gp120, the transmembrane portion of IIIB gp41, IIIB gag and protease, 3 CTLdense regions of LAI pol, and 2 CTL-dense regions of LAI nef) was given in conjunction with a recombinant SF-2 gp120 in MF59 adjuvant (rgp120). The study design allowed comparison of the vector given alone, simultaneously with, or followed by rgp120.
Methods
Vaccine and placebo constructs. ALVAC-HIV vCP300 (Pasteur Merieux, Lyon, France) is a recombinant canarypox virus capable of entering mammalian cells, expressing its genes, and producing noninfectious, virus-like particles. These viruses are nonreplicative in humans, pose no risk of productive poxvirus infection such as that seen with recombinant vaccinia viruses, and are equally immunogenic in persons with prior vaccinia immunization [29] [30] [31] . vCP300 expresses the following HIV-1 gene products: LAI gag p55; LAI protease p15; part of env expressing MN gp120 and the anchoring transmembrane region of LAI; 2 nef genes encoding 9.1-and 3.3-kDa peptides (amino acids [aa] 66-147 and 182-206); and 3 LAI pol regions encoding 5.5-, 7.2-, and 7.0-kDa peptides (aa 172-219, 325-383, and 461-519). The pol and nef sequences were chosen for their high density of known MHC class I-restricted epitopes. The canarypox is grown on chick embryo cells and purified to a final titer of 10 6.3 TCID 50 . During this trial, it was noted that the vaccine was not completely stable, resulting in a fall in titer from 10 6.3 to 10 5.8 TCID 50 over an 8-month period. The control for vCP300 was an ALVAC recombinant expressing Rabies virus gp65 glycoprotein that has been widely tested in man and animals [32, 33] .
HIV-1 SF-2 rgp120 (Chiron, Emeryville, CA) was produced from Chinese hamster ovary tissue culture cells and formulated in a citrate buffer with MF59 adjuvant as an emulsion, containing 0.5% polysorbate 80, 0.5% sorbitan trioleate, and 5% squalene, as described elsewhere [34] . The rgp120 (50 mg) or MF59 placebo was given intramuscularly (im) in 1-mL volumes.
Study design and monitoring. This multicenter, randomized, double-blind, Phase 1 safety and immunogenicity study was carried out by the National Institute of Allergy and Infectious Diseases AIDS Vaccine Evaluation Group (AVEG). Randomization, data, and study management were performed by The EMMES Corporation. An AIDS Vaccine Data Safety and Monitoring Board met regularly to review safety. Only volunteers at lower risk for HIV-1 infection as defined by AVEG criteria were enrolled at the 6 clinical sites [35, 36] . All volunteers, coordinators, and laboratory personnel were blinded to the immunizations received. Safety considerations included close monitoring for local toxicity, systemic symptoms, and hematologic, immunologic, hepatic, renal, and other reactions after each immunization and throughout the trial. To obtain data on the shorter schedule and simultaneous immunizations more quickly, enrollment was staggered such that arms D-G were fully enrolled prior to the enrollment of arms A-C (table  1) . The first volunteer was enrolled in February 1996, and the last was enrolled in January 1997.
CTL assay (AVEG standard protocol) [10, 11] . Initial studies were undertaken in 31 selected subjects, to define an optimal in vitro stimulation method that compared the use of canarypox immunogen with a cocktail of vaccinia vectors (vP1291-containing gp120, gp41, gag, and protease regions of the canarypox immunogen, vP1288-IIIB pol, vP1218-MN nef) for infecting the stimulator peripheral blood mononuclear cells (PBMC). A higher rate of bulk false-positive assays was found by use of the canarypox stimulation than the vaccinia stimulation vectors, and canarypox vector stimulation was discontinued. Also, to compare the env-and gag-specific CD8 ϩ CTL activity with other AVEG phase 1 trials in which the pol and nef epitopes were not included (by use of the canarypox immunogen vCP205), most of the 12-month assays were conducted with the vP1291 plus vP1218 stimulation strategy.
B lymphoblastoid cell lines (BLCLs) used as targets were established by standard methods for each volunteer. Fresh PBMC from defined study time points were stimulated in vitro (1:5 stimulator to effector ratio) with autologous PBMC infected at an MOI of 5 with recombinant vaccinia vectors encoding the HIV-1 genes. The PBMC were then cultured in RPMI 1640 (Gibco BRL, Grand Island, NY) with 5% human AB sera (Sigma, St. Louis) and 330 U/mL IL7 (R&D Systems, Minneapolis). On day 7, 20 U/mL of recombinant IL2 (Amgen, Thousand Oaks, CA) was added, and the cytotoxicity assay was done at 14 days. For this the BLCLs were labeled overnight with 0.1 mCI [ 51 CR]Na 2 CrO 4 and simultaneously infected with vP1170 (vaccinia control), vP1174 (vaccinia HIV-1 MN gp160), vDK1 (vaccinia HIV-1 gag), vP1287 (vaccinia HIV-1 gag-LAI), vP1218, or vP1288. All vectors except vDK1 (Dr. D. Kuritzkes, University of Colorado Health Sciences Center) were provided by Virogenetics (Troy, NY). Effector-to-target ratios of 25:1 and 50:1 were used in most assays in triplicate with 5000 targets/well in a 6-h chromium release. Vaccinia background was reduced by the use of cold, unlabeled VP1170-infected targets added in 30-fold excess. The spontaneous release accepted was !30% maximal detergent lysis. A positive assay was scored when the HIV-1-specific target had lysis 10% greater than the vaccinia vP1170 control. The assay is considered to be CD8 positive when at least 50% of the activity is lost, when the PBMC are depleted by use of anti-CD8 monoclonal antibodies linked to magnetic beads (Dynabeads; Dynal, Great Neck, NY). Specimens assayed at E:T ratios of both 50:1 and 25:1 were reduced to a single outcome by the following algorithm: The CTL assay is negative if the 50:1 E:T ratio results do not support the findings of elevated cytolytic activity at the 25:1 E:T ratio. Percent-specific lysis results at 25:1 are used when available, unless 50:1 E:T indicates cytolytic activity and the 25:1 E:T results are either negative or not performed. In a rare number of cases in which multiple tests were conducted for the same gene target at a given time point (gag), the maximum lysis result was used.
Antibody studies. Serum specimens collected before and 2 weeks after immunizations and at other defined time points were analyzed at a single laboratory (at Duke University) by ELISA for binding antibodies to recombinant SF-2 and MN gp120 (VaxGen, South San Francisco, CA) and to 24-residue V3 loop peptides [19] . Fusion inhibition assays were performed by blocking the binding of soluble CD4 to MN rgp120 immobilized on 96-well plates [37] . Neutralization antibody assays were performed with the SF-2 and MN HIV-1 strains in CEMx174 and MT-2 cells, respectively, by using neutral red to quantify viable cells that survived viral-induced cytopathic effects. In short, 500 TCID 50 of HIV-1 were incubated with multiple dilutions of test sera in triplicate at 37ЊC for 1 h, after which time cells were added. Viable cells are quantified 4-5 days later, when у70% cell killing had occurred in the virus control wells (cells plus virus but no serum sample). Neutralization titers are defined as the reciprocal of the serum dilution needed to produce 50% protection [38] .
Statistical tests. Data from the 6 participating sites and the Central Laboratory for this study were collected in a distributed data system developed specifically for AVEG trials. Statistical analysis was done with SAS Version 6.12. x 2 tests were used to compare frequency distributions; Fisher's exact test was used in tables. 2 ϫ 2 Logistic regression and generalized estimating equations were used to explore the relationship of CD8 ϩ CTLs with vaccine group, schedule, and regimen.
Results
A total of 140 individuals were enrolled in the 7-arm trial (table 1) . Dosing and immunization schedules were based on previous studies [3, 11, 19] . Volunteers in arms A-F received vCP300 im at months 0 and 1. These volunteers were then reimmunized im with either vCP300, rgp120, or vCP300 plus rgp120 on either a 3-and 6-month or a 6-and 9-month schedule. Volunteers in arm G received vCP300 and rgp120 simultaneously at 0, 1, 6, and 9 months. Each arm contained 17 vaccine and 3 control (ALVAC-rabies glycoprotein vCP65 and/ or MF59) recipients. For the simultaneous inoculations, volunteers received the vCP300 or control rabies glycoprotein in one deltoid and the gp120 or control MF-59 in the opposite deltoid. Three volunteers discontinued immunization and another was lost to follow-up because of relocation.
CTL activity was measured in fresh PBMC as both bulk CD4 ϩ and CD8 ϩ -specific activity in all participants 2 weeks after the third and fourth vaccinations. Persistence or late development of CTLs was measured by assays at month 12 (3-6 months after the last vaccination). The results of all CD8
ϩ CTL assays after stimulation with vaccinia vectors against all targets are shown in figure 1 and table 2 . Each symbol represents CD8 ϩ CTLs (110% specific chromium release) against specific vectors at an E:T ratio of 25:1 and 50:1. By the end of the study, the rates of vCP300 immunized volunteers with positive CD8 ϩ CTL activity specific for a particular HIV component at any assay time point ranged from 40% (6/15) in arm F to 81% (13/16) in arm C (table 2) . Of these 68 individuals with CD8
ϩ CTLs, 15 (22%) had repeatedly positive assays. Remarkably, the highest frequencies of positive assays were not seen shortly after immunizations but rather later in time. At the 12-month time point, 32/83 (39%) of all vCP300 recipients tested had CD8 ϩ CTLs against at least 1 target (table 2) . This compared with 2/ 18 (11%) in the control group. A trend was observed that more vaccinated volunteers had positive CTLs at 12 months after receiving vCP300 plus rgp120 than volunteers receiving ALVAC vCP300 alone (27/60 in arms B, C, E, F, and G vs. 5/23 in arms A and D, by Fisher's exact test). In addition, the rates P ϭ .08 were significantly higher ( ) in those immunized on the P ϭ .002 0-, 1-, 6-, and 9-month schedule (73%, arms A-C and G) than in those immunized on the 0-, 1-, 3-, and 6-month schedule (44%, arms D-F). Of note, the former group had received their last vaccines 3 months before the measurement at 12 months.
Immunization with vCP300 induced CD8 ϩ CTLs to all of the encoded genes in at least some volunteers. In vaccinees, the rates of responses at the 12-month time point to env were 17/ 77 (22%), gag 26/81 (32%), nef 12/77 (16%), and pol 3/16 (19%; table 3). In the control recipients, the response rates of CD8 ϩ CTLs were 1/17 (6%), 2/17 (12%), 0/16 (0%), and 0/5 (0%), respectively. Positive CTLs in control recipients were spread randomly over epitopes and volunteers (figure 1). In contrast to the 22% of ALVAC recipients with CD8 ϩ CTLs, no control recipient had repeatedly reactive CTLs against the same target, which emphasizes the random nature of the false-positive results. The overall results can also be analyzed as the rates of positive CD8
ϩ CTLs per assay for each target (table 3) . The background false-positive average results of 7% per assay (defined as per each gene target) are in accord with rates seen in previous immunization trials: 5.5% for 1151 control assays performed at the AVEG central laboratory.
There was no statistically significant increase in those individuals who had received 2 canarypox immunizations followed by rgp120 compared with those who received 4 canarypox immunizations along with rgp120, although a trend toward a better response with more vCP300 immunizations was noted ( ). Indeed, 36% of individuals who received only 2 can-P ϭ .08 (6) arypox immunizations, at months 0 and 1, had a positive CTL assay at 1 year. Simultaneous administration of both the ALVAC vCP300 and rgp120 induced greater CD8 ϩ CTL response at 12 months than in all of the other treatment arms combined (10/16 vs. 22/67, ), as well as the more rapid P ϭ .04 development of both binding and neutralizing antibodies.
The level of the antibody response was most dependent on the gp120 subunit administration. The recipients of the vCP300 alone had less-frequent and lower titer-binding antibodies than any group that received the vCP300 with rgp120. These results were obtained whether antibodies to MN gp120, MN V3 loop, SF-2 gp120, or SF-2 gp120 V3 loop were assessed by ELISA. A representative example of the differences in mean optical density for the 7 arms of the study is shown in figure 2 for the binding antibodies to the MN gp120 V3 peptide. These same increases in antibody with subunit administration were mimicked by the MN and SF-2 strain-specific neutralization results (table 4). Simultaneous immunization (arm G) led to a more rapid rise in neutralizing antibody and to similar titers at the end of the overall immunization period. These neutralization responses were more frequent and of higher titer (geometric mean titer [GMT] of 173-506) in volunteers receiving ALVAC vCP300 plus rgp120 (regardless of schedule) compared with those receiving ALVAC vCP300 alone (GMT of 32 and 35). As limited primary isolate neutralization had been seen in previous trials by use of the SF-2 gp120 immunogen, no assays were performed against such strains in this study.
Lymphoproliferation was measured from cryopreserved PBMC in a subset of volunteers ( ) representing each of n ϭ 38 the study arms. All immunization arms except the controls resulted in proliferation of PBMC in vitro to gp160 antigen (minimum positive cutoff of ). After 4 immunizations, SI ϭ 3.0 the stimulation indices achieved with 10 mg/mL recombinant gp160 (either IIIB or MN strain) used as the antigen ranged from 3.8 to 21.4 (data not shown). Tetanus toxoid and Candida used as the in vitro recall antigen controls averaged stimulation indices of ∼10-30 in these assays using cryopreserved cells. There were no significant differences between study arms.
Overall the immunizations were well tolerated. Statistical tests were used to compare vaccinees and controls and to compare vaccinees in arm G (coadministered vaccines) with vaccinees in other treatment arms for the level of systemic symptoms, pain and tenderness, erythema, induration, and temperature. There were no statistically significant ( ) P ! .05 differences.
Discussion
ALVAC canarypox-based vectors have numerous advantages over other vaccine candidates for CD8 ϩ CTL induction in humans. They are nonreplicative in mammalian cells and thus do not pose the risk of progressive infection that accompanies replication-competent vaccinia-based vectors. Cells infected with viral constructs that encode Gag have been shown to produce pseudovirions that bud from the cell surface for up to 3 days after infection in vitro (Spearman P, personal communication), and these particles may stimulate ongoing immune responses. In addition, various canarypox HIV-1 constructs have now been administered to 11600 individuals, of whom 700 received canarypox-HIV-1 vaccine candidates with no serious vaccine-related adverse reactions. In addition, there is no evidence that the humoral or antibody response to ALVAC vectors is influenced by prior vaccinia immunization [39] .
An ALVAC-based HIV-1 vaccine candidate encoding gp120, the transmembrane region of gp41, gag, protease, and sequences encoding known human CTL epitopes of pol and nef [40] was able to induce memory CD8 ϩ CTL activity in the majority of recipients in this study. This CTL activity was quite durable. In fact, responses 3-6 months after the final immunization were at least as frequent as those measured 2 weeks after the third and fourth immunizations. This late CTL response is not an artifact of our measurement system, as similar results have been observed in trials of vCP205, which encodes the same sequences as vCP300 except for the pol and nef sequences [39] . In 1 trial of a canarypox recombinant HIV-1 vaccine (AVEG 022), as many as 50% of vaccine recipients had positive Env or Gag CD8
ϩ CTLs when measured 1 year after the last immunization [41] .
Other studies using canarypox vectors have noted similar response rates against each gene product included in the immunogen [5, 11] . Of note, the per assay frequency of Env or Gag CD8
ϩ CTLs in this trial (26%) is similar to other AVEG studies, which have used a canarypox vector that does not include the nef and pol epitopes (31% for vCP205 in 1 trial). That is, the inclusion of more sequences in the canarypox vector did not appear to down-regulate the response through competition for antigen processing and presentation. The limit of the number of genes that can be encoded by the pox vectors is large and not exceeded in the vCP300 construct. The nef and pol epitopes were recognized, albeit at a low frequency at the 12-month time point. The induction of a broader CTL repertoire that would encompass a greater number of HLA class I restrictions and allow a wider epitope response upon actual challenge is a desirable vaccine strategy.
The ALVAC HIV-1 vaccine candidate vCP300 alone did not induce high titers of binding or homologous strain neutralizing antibodies. Previous studies of canarypox or vaccinia vectors have also required a recombinant protein booster immunization to induce high titers of antibodies. Although in vitro neutralization of primary isolates has rarely been achieved when T cell line-adapted rgp120 has been used as an immunogen [2, 12, 42, 43] , a general strategy of using multivalent primary isolate protein subunit immunogens with viral vector or DNA vaccine(s) could have advantages that warrant investigation. Subunits augment T cell help, leading to an overall increase in antibody production, lymphoproliferative activity and antibody-dependent cellular cytotoxicity [11, 20] .
Simultaneous vaccination with a live virus vector and a subunit envelope glycoprotein immunogen was a novel feature of this trial and led to earlier development of an antibody response than when the subunit was administered after the initial poxvirus-based immunization. The responses to each vaccine component in this strategy were also at least equivalent to those seen when either is administered alone. The antibody responses to the rgp120 used in this trial led to similar titers of antibodies after equivalent numbers of immunizations, as is seen in other studies of rgp120 [3, 20, 44] . In addition, the use of the subunit did not interfere with the development of CTLs. Although not statistically different from other treatment arms, the highest number of CTL-positive volunteers was observed in the combination arm G. In settings in which a rapid antibody response is important and in those individuals who may not return for multiple vaccinations, the use of such an accelerated simultaneous live vector plus protein boost strategy may prove useful.
Whether the degree of CD8 ϩ CTL response here will be correlated with protection from natural infection with HIV-1 can be answered only in the context of a human efficacy trial. However, certain aspects of the CTL response induced by canarypox-based immunization should be emphasized. First, the CD8 ϩ CTL response induced in a subset of volunteers who received canarypox-based immunization were able to lyse cells infected with primary HIV-1 isolates from multiple clades [45] . Second, when the precursor frequency of memory CTLs has been measured by use of in vitro restimulation, the response (50-500 /10 6 ) is comparable to that measured in exposed, HIV-1-uninfected individuals and similar to CTLs induced against some other viruses (Weinhold KJ, personal communication) GMT, geometric mean titer; A, ALVAC vCP300; S, SF gp120. [23, 46, 47] . Lastly, inclusion of nef sequences (expressed in this construct as 2 sequences lacking N-terminal myristilation) in the immunization did not result in any evidence of down-regulation of the CTL response to other components of the vaccine [48] , as has been reported in in vitro models in which the nef gene has been replaced by a reporter system and then placed under the influence of a strong promoter [49] . Two new vCP300-like canarypox constructs encoding similar HIV-1 genes that have improved in vitro growth and stability have been developed. These canarypox candidate vaccines will be compared with the vCP205 canarypox construct in a phase I trial to determine which canarypox vector is more immunogenic. The candidate yielding the most frequent and broadest CD8
ϩ CTL response will then be moved forward to larger human studies.
In conclusion, a canarypox vaccine that encodes multiple HIV-1 gene products is able to induce CD8 ϩ CTLs in seronegative, low-risk volunteers against 1 or more HIV-1 antigens. These CTLs were detected as many as 10 months after the last canarypox immunization. The use of a rgp120 immunization given either simultaneously with or after the canarypox immunization resulted in higher levels of antibody responses and a trend toward longer-term memory CD8 ϩ CTL responses. Whether these responses are truly sufficient to induce protection from HIV-1 infection can be determined only in a properly designed clinical trial.
